Introduction
Cardiovascular diseases are one main reason for mortality in industry nations. Lesioned myocardial tissue is replaced by non-actively contracting connective tissue, significantly impairing the heart`s performance. A therapeutic option is to surgically replace the damaged tissue with biological grafts [1] . One approach is the use of an autologous vascularised matrix (AutoVaM) [2] . It could be shown that these grafts can be repopulated with cardiomyocytes [3] . However, the insufficient mechanical strength in early stages following implantation limits their usability in reconstruction of left ventricular myocardium. To overcome this problem stabilising structures made from biodegradable magnesium alloys were developed [4] . These structures break in an early stage after implantation. Thus, improved structure designs are needed. The aim of this study is to develop a finite element model to simulate the movement of the left ventricle. This model would allow for a numerical simulation of new structure designs, reducing prototyping, development effort, in vitro tests and costs.
Methods
The anterior basal heart curvature was measured in two different views (Tab. 1) [5] . Mean values between end diastolic and end systolic are denoted as 'preformed' state. A finite element model of a stabilising structure was generated, it was deformed into the 'preformed' shape and assembled with models representing myocardium and sutures ( Fig. 1 ). Sutures were modelled to be equidistant and perpendicular to the myocardium. The simulation was performed in two steps mimicking myocardial deformation of the end diastolic and end systolic state, respectively. This recurrent change of the hearts geometry bends the stabilising structure. Due to the insufficient strength of the biological graft it would bulge without a stabilising structure as a result of the high blood pressure. To take this effect into account the structure was additionally pressurised from the myocardial side with 90 mmHg for end diastolic and 140 mmHg for end systolic state. Simulations were performed with Abaqus/CAE (Dassault Systèmes Simulia Corp., RI, USA). The structures were meshed with linear hexahedral elements with incompatible mode (C3D8I). Material properties of the alloy ZEK100 were determined to: Young's modulus of 40,490 MPa, Poisson's ratio of 0.28 and plastic stress strain values (Tab. 2). Isotropic hardening was assumed. Myocardium and sutures were assumed to be elastic with Young's modulus of 66 MPa (based on [6] ) and 800 MPa, respectively. Between structure and myocardium as well as structure and sutures a surface to surface contact was defined, whereby contact was assumed to be frictionless.
First of all, structures with 0.5 mm and 1 mm thickness were simulated. Based on this results new structure shapes were designed and also tested.
Results
Stresses exceeding the scale maximum are plotted in dark red (s. Fig. 2 ). Highest stresses occur at the small radii.
Maximal stresses of about 164 MPa are determined for the 0.5 mm structure while the 1 mm structure is stressed up to 125 MPa in end diastolic state. The yield point is at 103 MPa, therefore plastic deformations occur in both structures. Calculations for end systolic state failed for the thinner structure while the maximal stresses within the 1 mm structure were determined to 150 MPa. 
Discussion
Although, thinner structures are usually known to be lesser stressed than thicker ones under pure bending conditions, the simulation results show the highest stresses for the 0.5 mm structures. This is due to the superposition of bending and pressurisation. Myocardial deformation leads to a bending of the structure. Applying a diastolic and a systolic pressure causes an additional bending. The thinner structures are stronger affected by this pressurisation because of their lower stiffness. From these results it can be concluded that 1 mm structures are to be preferred for further in vitro and in vivo investigations. All structures are stressed above the yield point causing plastic deformations. Plastic deformations by cyclic loading indicate an early loss of functionality by breakage. Ideal stabilising structures should be stressed in elastic range. The findings of this study need to be validated by in vitro and finally in vivo experiments, because it is possible that the modelling approach overestimates resulting stresses. The assumed diastolic and systolic pressures are directly loaded onto the implant neglecting a tissue in between. Anyway, new shapes for structures were developed, which are considerably lower stressed.
